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2What is our world made of? How is its diversity to be explained? 
These questions have been asked throughout history. The Ancient 
Greeks proposed answers and contemporary scientists continue to 
do so. 
Empedocles and Aristotle thought that the world could be explai-
ned on the basis of four fundamental elements: fire, air, water and 
earth. They believed that interaction between the four elements 
produced all known substances. Philosophers and scholars fol-
lowed their lead for over 2000 years including the alchemists of 
the Middle Ages and the Renaissance who developed practical and 
laboratory techniques to examine it. The four-element theory, with 
adjustments and theoretical refinements such as the theory of 
phlogistics, held the ground until the end of the 18th century when a 
new science was born: chemistry.  
The turning point in the history of chemistry is the discovery by 
Lavoisier of oxygen and especially the decomposition of water, in 
about 1785. He proved that one of the ancient elements, water, is 
in fact composed of two gases. This discovery meant that scientists 
had no choice but to embark on the quest for the composition of 
matter. 
Dalton put forward his atomic theory which reworks, in another 
formulation, Democritus’ theory of indivisible particles. At about 
the same time, scientists were trying to establish a list of elements 
in a logical order. The system that everyone was able to accept 
was that developed by Mendeleev from 1869, the Periodic Table of 
Elements. The Table is organised not only according to atomic mass 
but also according to the properties certain elements share with 
others. The classification left gaps which other researchers set out 
to fill by using spectrometry, electrolysis or precise measurement. 
Determination of atomic mass is fundamental because it leads, 
inter alia, to an understanding of the combinations of atoms in 
molecules. Galissard de Marignac (a Geneva scientist) was one of 
those who took up the challenge. He determined the atomic weight 
of 28 elements and, in the process, discovered two new ones. 
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The History of Science Museum has chosen to celebrate the 
International Year of Chemistry by telling how, in the space 
of only a few decades, the four ancient elements were super-
seded by the hundred or so natural elements of the Periodical 
Table. 
3Fire, air, water, earth
Until the 17th century, our understanding of the constituents and 
formation of matter was based on that of the ancient Greeks. 
According to Empedocles (490-435 BC) everything on earth was 
composed of the four primary elements: fire, air, water and earth. 
These attracted or repulsed each other under the influence of two 
opposed cosmic forces: love and strife.
Aristotle (384-323 BC) adopted the theory but proposed four 
properties - hot, cold, dry, humid –assigning two of them to each 
element. Thus fire is characterised by hot and dry, air by hot and 
humid, water by cold and humid and earth by cold and dry. Each of 
the elements share a property with two others so can therefore be 
transformed into the other by replacing a property with its opposite. 
The theory could explain certain phenomena such as the melting of 
a metal, combustion or evaporation. 
Alchemist principles
Alchemists adapted Aristotle’s theory of the four elements to their 
own doctrine. According to them, matter (especially minerals) is 
composed of two fundamental component principles: the Mercury 
principle which is cold, humid and feminine and the Sulphur 
principle which is hot, dry and masculine. In the 15th century, a third 
principle was introduced, salt, in order to facilitate blending of the 
first two. 
The alchemists believed that the seven known metals (iron, copper, 
lead, tin, mercury, silver and gold) form at the centre of the earth 
as a result of the combustion of the Sulphur and Mercury principles 
which combine in varying proportions under the influence of the 
seven planets. Iron, at the base of the hierarchy of metals, is rich 
in the Sulphur principle and has a strong tendency to burn. In 
contrast, gold, rich in the Mercury principle, is the perfect metal 
because it does not consume itself. The goal of transmutation 
is to transform a base metal into a noble one (gold or silver) by 
manipulating the relative proportions of the two principles. 
4The birth of scientific chemistry
During the 17th century as chemists tried to distance themselves 
from the hermetic world of alchemy a more rational and pragmatic 
approach emerged. 
The first professional chemists were often apothecaries. In order 
to protect their profession from charlatans, they introduced 
theoretical and practical examinations. They wrote the first 
chemical treatises which offered clear and detailed recipes, 
remedies and laboratory methods. 
Apothecaries’ texts were accompanied by various theoretical 
explanations which were not always very credible. According 
to some, all matter was derived from three primary principles: 
mercury, sulphur and salt. Others put forward the theory of 
a universal spirit which transformed itself into the different 
principles according to kind of the matter in which it was 
embedded. 
Depending on whether it was inspired by Newton or Descartes, 
17th century chemistry adopted respectively an explanation based 
on particles subject to forces of attraction or repulsion, or a more 
mechanical conception based on the form and movement of 
particles which interacted with each other. 
The fire of phlogiston
In the 17th century, description of the earth element became ever 
more complex while fire became the basis of the first modern 
theory of chemistry: phlogistics (from the Greek phlogistos, 
flammable). 
Early work by the German doctor and chemist Joachim Becher 
(1635-1682), continued to assert that water and earth were the 
basic elements of matter. However, Becher identified three types 
of earth: vitreous earth which forms rock crystal, mercurial earth 
which is present in metals, and flammable earth based on sulphur 
and responsible for combustion. 
The German chemist Georg Stahl (1660-1734) proposed that 
flammable earth was phlogiston or the «igneous principle» which 
explains combustion and calcination. When an object burns, this 
principle is liberated in the form of flame and the object becomes 
«de-phlogisticated» and inflammable. As phlogiston gradually 
dissipates, iron is transformed into rust and copper becomes 
verdigris. Coal used in furnaces during reduction (separation of a 
metal from its mineral host) provides phlogiston to the «metallic 
chalk» (metal oxide) so that it returns to a pure metal. De Stahl’s 
phlogiston theory was received with great excitement and was 
rapidly adopted by European chemists. It helped to stimulate 
research in a new field of chemistry: the chemistry of the air or 
pneumatic chemistry. 
5Strange airs
Studies using pneumatic machines and glass cloches to assess the 
effects of thin air on humans prompted 18th century scientists to 
begin serious research into the chemical composition of air. New 
instruments were developed, such as the pneumatic basin and the 
eudiometer, to collect the different gases (spirits) emitted during 
experiments. It was soon realised that air is in fact made up of 
several different «airs». 
If acid is poured over limestone, it effervesces and produces a 
strange gas unlike the surrounding air. The gas does not support 
life, extinguishes candles and clouds calcareous water. This fixed 
air which resembles the air produced by respiration or burning, 
was also called phlogistic air (because it is saturated with the 
phlogiston released by burning coal). This gas later became known 
as carbon dioxide.
Yet another oddity was investigated. Adding acid to metals releases 
a very light gas which ignites at the slightest spark. This was called 
flammable air, now known to us as hydrogen (H2).
Finally, the Englishman Joseph Priestly (1733-1804) and the 
Swedish scientist Carl Wilhelm Scheele (1742-1786) isolated a 
mysterious gas given off by plants during growth. Unlike fixed air 
it supports life and combustion. This Feuerluft or vital air was also 
termed dephlogisticated air until Lavoisier gave it the name of 
oxygen (02).
Water and air are no longer thought of as elements
«Because nothing is created, neither in the works of man nor in those 
of nature and we can state the principal than in all operations there is 
a constant quantity of matter before and after the operation; that the 
quality and quantity of the principles are the same and that there are 
simply changes or modifications».  
Those extracts from Antoine Lavoisier’s (1743 -1794) Traité 
élementaire de chimie aptly summarise the work of this outstanding 
chemist. Lavoisier’s method was quantitative rather than 
qualitative; for example, he systematically weighed the products 
and the reactants of a chemical change.
Lavoisier showed that when metals are heated they gain weight 
equal to the weight of air lost during the reaction. In pursuing his 
research, he discovered that the fraction of lost air is composed 
of vital air only (which he would later name oxygen, in reality the 
dioxygen molecule) and that it is this which is the sole cause of 
combustion. This discovery marked the end of the phlogiston 
theory. 
Lavoisier’s work also challenged Aristotle’s theory of four primary 
elements. In 1785, during a spectacular public demonstration, he 
decomposed water into hydrogen (H2) and oxygen (O2) and then 
reconstituted it. Having already shown that air and fire are not 
elements, he thus also definitively disposed of water! 
Lavoisier developed a new chemical nomenclature on the basis of 
which he drew up a table of single substances equivalent to our 
elements. He listed 33 substances which could not be broken down 
at that time (including heat and light). Curiously, he thought that it 
was pointless and fanciful to search for the ultimate constituents of 
matter.  
6An avalanche of new elements
The invention of the electric battery by the Italian Alessandro 
Volta (1745-1827) in 1800 ushered in a new analytical method, 
electrolysis. Henceforth, elements and substances previously 
resistant to decomposition by chemical action or heat, could be 
broken down. The Englishman, Humphrey Davy (1778-1829), 
isolated sodium, potassium, barium, strontium, calcium and 
magnesium.  The Swede, Jacob Berzelius (1779-1848) and his 
students, identified cerium, selenium, silicon, zirconium, thorium 
and vanadium. By 1834, 54 elements had been identified. 
As new elements were being discovered, laws governing the ways 
in which they combined with each other to form compounds, and 
in what proportions, were being developed (molecules were not 
yet mentioned). In 1804, the English scientist John Dalton (1766-
1844) formulated the theory that matter is formed of indivisible 
particles, or atoms, the weights (atomic mass) of which differ 
from one element to another. The atomic theory thus re-appeared 
in chemistry 2000 years after it was first proposed by the Greek 
philosopher and scholar Democritus (460-370 BC).  
Some years after Dalton’s work, Jacob Berzelius, one of the fathers 
of modern chemistry, re-examined the atomic theory through 
rigorous assessment of the atomic weight of all the elements then 
known. He was helped in this demanding work by several European 
chemists including the Geneva scientist Jean-Charles Galissard de 
Marignac (1817-1894) who, between 1842 and 1883, re-calculated 
the atomic mass of 28 elements with great precision. 
The Periodic Table of Elements
The invention of the spectroscope in 1860 accelerated the 
identification of new elements: caesium, rubidium, thallium, 
indium, etc. The first classifications were based on atomic mass. 
Later, chemists began to observe a relationship between atomic 
mass and the chemical properties of the elements, that is, their 
capacity to interact with others. 
In 1869 the Russian, Dmitri Mendeleev (1834–1907), noticed that 
by classifying the 63 elements known at the time according to 
their atomic weight, their chemical properties displayed recurring 
trends. The Periodic Table of Chemical Elements was born. 
Mendeleev left gaps in his classification where he predicted that 
hitherto undiscovered elements must exist. Several years later 
gallium, scandium and germanium were identified. He did not, 
however, foresee the discovery between 1894 and 1898 of a group 
of completely new elements, the noble gases. These were added to 
the Periodic Table in a separate column. 
Mendeleev’s theory of the periodicity of the chemical properties of 
elements still underlies the current classification which includes 92 
elements found in nature, and 118 if those produced artificially in 
laboratories are included. 
7Periodicity of elements, and electrons
Mendeleev’s table clearly demonstrated periodicity in the 
classification of elements. When elements are arranged by 
ascending order of atomic mass, some of them present similar 
properties at regular intervals. Mendeleev, who arranged the 
elements in columns, could not explain why 
An explanation of periodicity was found after the discovery of the 
electron in 1897 by the Englishman John Thomson (1856-1940), 
and of the atomic nucleus by the New Zealand scientist Ernest 
Rutherford (1871-1937) in 1911. The seminal work, though, was 
the theory of atomic structure developed in 1913 by the Danish 
physicist Niels Bohr (1885-1962). Bohr described the atom as a 
kind of mini planetary system which is mostly a void with a central 
positive nucleus (neutrons were not discovered until the 1930s) 
orbited by electrons. According to their number, the electrons 
are in one or several orbits (assumed to be circular) around the 
corresponding nucleus, each orbit having a well-defined energy 
level. The chemical properties of the atoms depend in large part 
on the way in which the electrons are distributed along the orbits 
and particularly along those on the periphery. It is, in effect, the 
external electrons which determine the chemical reactivity of the 
atoms, that is, their capacity to combine with other atoms. 
 
Electrons can move from one level to another of higher energy level 
if they are stimulated by the appropriate amount of energy. When 
they revert to their original state they spontaneously restore the 
packet of energy in the form of a photon (a light particle). This is the 
origin of the emission and absorption spectra which characterise 
each element and which are studied using spectrometry, one of the 
most widely used techniques of chemical analysis. 
Niels Bohr’s theory laid the foundations of quantum mechanics, 
a new branch of physics which seeks to explain the fundamental 
processes occurring at atomic and subatomic scales. Electrons are 
no longer described as discreet items moving along well-defined 
orbits, but rather as waves simultaneously occupying a volume(or 
orbital). 
Uncovering the atomic structure led to a new classification of 
chemical elements which is still in use today. The new system is no 
longer based on atomic mass but on atomic number (the number 
of protons). It is largely the same as Mendeleev’s system but it 
enables the resolution of some anomalies linked to classification 
according to atomic mass. 
The Periodic Table and radioactivity
Radioactivity, a naturally occurring phenomenon, was discovered 
in 1896 by the French physicist Henri Becquerel (1852-1908) then 
by Pierre (1859-1906) and Marie (1867-1934) Curie through their 
studies of uranium. The three scientists shared the Nobel prize 
in 1903 for their discoveries. Marie Curie was awarded a second 
Nobel prize for chemistry in 1911 for identifying two new natural 
radioactive elements, polonium and radium. 2011 is the 100th 
anniversary of the award and is fittingly the International Year of 
Chemistry.  
Radioactivity is the transformation of an unstable element into 
another lighter and more stable one. In the process, the atomic 
nucleus disintegrates losing part of its mass which is released in 
the form of particles and several types of potentially dangerous 
radiation. Since the Curies’ work, physicists have observed that 
several elements in the Periodic Table contain radioactive isotopes 
(atoms with the same number of protons but a different number of 
neutrons) the best-known of which are tritium (3H), carbon 14 (14C) 
and potassium 40 (40K). 
In 1930, French scientists Frédéric (1900-1958) and Irène Joliot-
Curie (1897-1956; the daughter of Marie and Pierre Curie) 
succeeded in producing the first artificial radioactive elements in 
the laboratory. Their work was recognised by a Nobel prize in 1935 
and opened the path to the synthesis of a number of radioactive 
elements which were added to the natural chemical elements in 
the Periodic Table. As a general rule, all the elements which have 
an atomic number (the number of protons in the nucleus) greater 
than 84 are radioactive. The majority are entirely laboratory-
8made without any particular application and with such a short 
life that their chemical characteristics are unknown. Some are 
used as tracers or markers in industry or medical imaging. The 
Periodic Table now includes 118 elements, 112 of which have an 
internationally recognised name and chemical symbol. The final six 
are described by a temporary symbol.   
Jean-Charles Galissard de Marignac (1817-1894)
For all his modesty, Charles Marignac (as he wished to be called), 
was nevertheless a very important figure in the chemical study of 
elements.  
Following his brilliant studies in Geneva and Paris, Marignac 
travelled to Germany and Scandinavia where he met the famous 
Swedish chemist Berzelius (1779-1848). He was appointed 
Professor of Chemistry in 1841 and of Mineralogy in1845 at the 
Geneva Academy. He carried out meticulous work to determine 
the atomic weight of several key elements (chlorine, silver and 
potassium). The objective of his research was to understand the 
organisational principle of elements by verifying whether or not 
their weights corresponded to multiples of the weight of hydrogen 
(Prout’s hypothesis). The extreme precision of his measurements 
was admired by Berzelius who encouraged Marignac to continue 
his research. Weighing, re-weighing, repeating his experiments, 
he determined the atomic weight of as many as 28 elements of the 
Periodic Table. 
When he retired, Marignac continued his work in the laboratory in 
his apartment where he isolated and identified two new rare earth 
elements: ytterbium in 1878 and, in 1880, gadolinium as it later 
came to be called in honour of the Finnish chemist Johan Gadolin 
(1760-1852) who had made the first discovery of an element of the 
rare earth family, yttrium, in 1794. 
Marignac’s work received international recognition and honours 
including a Doctorat honoris causa from the University of 
Heidelberg, the Davy Medal from the Royal Society of London and 
the medal of the Order of Merit from Germany. 
